• Hippocampus-dependent cognitive injury often characterizes radiation effects.
Introduction
Brain irradiation, such as used to treat brain tumors, is associated with hippocampus-dependent cognitive impairments [1] , including deficits in spatial information processing; and their severity might depend on the dose delivered to the medial temporal lobes, the site of the hippocampus [1] . In agreement with these human data, mice exposed to brain radiation show deficits in hippocampus-dependent spatial memory [2] [3] [4] [5] . The brain could also be exposed to irradiation as part of a nuclear accident, radiological terrorism or medical radiological procedures. In the context of the first two scenarios, there is considerable interest in compounds that can mitigate radiation-induced injury when treatment is initiated a day after the radiation exposure. As it will be challenging to quickly determine the radiation exposure an individual has received within a relatively short time frame, it is also critical that the mitigating agent does not negatively affect individuals who might be treated but who were not exposed [6] [7] [8] [9] .
The detrimental effects of ionizing irradiation might involve oxidative stress and the formation of reactive oxygen species (ROS) [10, 11] , and thus the role of ROS in effects of irradiation on the brain have been studied [12] [13] [14] [15] . However, ROS also play a positive role in learning and memory [16] [17] [18] [19] . Therefore, antioxidants might have opposing effects on cognitive performance in sham-irradiated and irradiated mice. For example, while the antioxidant ␣-lipoic acid prevented 56 Fe-irradiation induced hippocampus-and cortexdependent impairments in the water maze, it induced impairments in object recognition and cued fear memory in sham-irradiated mice [20] .
Antioxidant approaches, including compounds that scavenge ROS, have been assessed for mitigation of radiation injury [21] [22] [23] [24] . The synthetic SOD/catalase mimetic EUK-207 is a member of the class of metal-containing salen manganese (Mn) complexes [25] . EUK-207 suppresses oxidative stress, including in the mitochondria [26, 27] and has been used successfully to mitigate radiation dermatitis, promote wound healing in irradiated skin [28] , and mitigate vascular injuries in irradiated lungs [29, 31] (for a review, see Doctrow et al. [30] ). While EUK-207 suppresses age-related cognitive impairment in mice [32, 33] and salen Mn complexes exhibit numerous other neuroprotective effects in vivo [25, 34, 35] , the effects of EUK-207 on radiation injury in the brain are not known. Therefore, in this proof-of-principle study, we assessed the effects of EUK-207 in sham-irradiated animals and the ability of EUK-207 to mitigate radiation-induced cognitive injury.
Materials and methods

Mice
Two-month-old C57Bl6/J male mice (n = 48) purchased from Jackson Labs were used for the current study. The mice were kept on a 12:12 h light-dark schedule (lights on at 6AM) with lab chow (PicoLab Rodent Diet 20, #5053; PMI Nutrition International, St. Louis, MO) and water given ad libitum, unless indicated otherwise. All procedures were according to the standards of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and Use Committee of the Oregon Health and Science University (OHSU). OHSU has an Association for the Assessment and Accreditation of Laboratory Animal Care approved animal facility.
Irradiation and treatments
Following i.p. anesthesia (ketamine (Sigma), 80 mg/kg and xylazine (Sigma), 20 mg/kg), mice were sham-irradiated (n = 16) or irradiated at 10 Gy (n = 16) or 15 Gy (n = 16) in a Mark 1 Cesium Irradiator (Shepherd and Associates, San Fernando, CA). The cerebellum, eyes, and body were shielded with lead. For the treatment study (n = 32), twenty hours following sham-irradiation or irradiation, the mice were anesthetized as described above and received a subcutaneously implanted Alzet minipump containing either vehicle (water) or EUK-207 (0.2 mg/kg/day). Mice received new pumps every month, as recommended by the manufacturer, and were tested for cognitive performance in the water maze and fear conditioning tests, as described below, three months after shamirradiation or irradiation. Mice were housed singly starting 3 days prior to cognitive testing.
Cognitive testing
The person testing the mice was blinded to their treatments. In week 1, the mice were tested for spatial learning and memory in the water maze. In week 2, the mice were tested for contextual and cued fear conditioning.
Water maze
The water maze test was used to assess hippocampusdependent spatial learning and memory. A circular pool (diameter 140 cm) was filled with opaque water (24 • C) and mice were trained to locate a submerged platform. To determine if irradiation affected the ability to swim or learn the water maze task, mice were first trained to locate a clearly marked platform (visible platform, Days 1 and 2). Mice were subsequently trained to locate the platform when it was hidden beneath the surface of opaque water (Days 3-5). Training during the hidden platform sessions (acquisition) required the mice to learn the location of the hidden platform based on extra-maze cues. For both visible and hidden sessions, there were two daily sessions, morning and afternoon, which were 2 h apart. Each session consisted of three trials (with 10-min inter-trial intervals). A trial ended when the mice located the platform. Mice that failed to locate the platform within 60 s were led to the platform by placing a finger in front of their swim path. Mice were taken out of the pool after they were physically on the platform for a minimum of 3 s. During visible platform training, the platform was moved to a different quadrant of the pool for each session. For the hidden platform training, the platform location was kept constant. Mice were placed into the water facing the edge of the pool in one of nine randomized locations. The start location was changed for each trial. The swimming patterns of the mice were recorded with the Noldus Ethovision video tracking system (Ethovision XT, Noldus Information Technology, Wageningen, Netherlands) set at six samples/s. The cumulative distance to the platform was used as a measure of performance for the visible and hidden sessions. So, mice that swim closer to the platform will have a lower cumulative distance to the platform measure. Because swim speeds can influence the time it takes to reach the platform, they were also analyzed to assess if there were genotype or treatment differences in this measure. Subsequently, cognitive performance was analyzed in a probe trial (platform removed) conducted 1 h after the last hidden trial of each mouse The time spent in the target quadrant, the quadrant where the platform was previously located during hidden platform training, was compared to the time spent in the three non-target quadrants. For the probe trials, mice were placed into the water in the quadrant opposite from the target quadrant.
Fear conditioning
Hippocampal function was also assessed using the contextual fear conditioning task. In this task, mice learned to associate the environmental context (fear conditioning chamber) with a mild foot shock (unconditioned stimulus, US). The mild foot shock was also paired with a tone (conditioned stimulus, CS) to allow assessment of cued fear conditioning, which is hippocampusindependent. When mice were re-exposed to the context or the tone, conditioned fear resulted in freezing behavior. Mice displayed this conditioned fear by ceasing all movement except for respiration (i.e., freezing). On Day 1, each mouse was placed in a fear conditioning chamber (Kinder Scientific, Poway, CA) and allowed to explore for 2 min before delivery of a 30-s tone (80 db) which was immediately followed by a 2-s foot shock (0.6 mA). Two minutes later, a second CS-US pair was delivered. On Day 2 each mouse was first placed in the fear conditioning chamber containing the exact same context, but there was no administration of a tone or foot shock. Freezing was analyzed for 3 min. One hour later, the mice were placed in a new context (containing a different odor, cleaning solution, floor texture, walls and shape) where they were allowed to explore for 3 min before being re-exposed to the fear conditioning tone and freezing was assessed for an additional 3 min. Freezing was measured using a Noldus Ethovision video tracking system.
3-nitro tyrosine (NT) immunohistochemistry
Coronal sections (30 m) of relevant brain regions of two mice of four experimental groups (sham-irradiation, vehicle-treated; sham-irradiation, EUK-207 treated; 15 Gy irradiation, vehicletreated; 15 Gy irradiation, EUK-207 treated), guided by the Paxinos mouse brain atlas, were generated from the fixed frozen brains of the mice using a cryostat (Microm). Unfortunately, due to sample loss during tissue shipment, the brains of all mice could not be processed for immunohistochemistry. Sections from remaining (n = 2 mice per group) samples (10 m) were serially mounted on Superfrost microscope slides (Fisher Scientific) and stored at −80 • C until shipment to the laboratory of Dr. Doctrow at Boston University to assess immunohistochemical staining for 3-NT, a marker of oxidative injury indicating peroxynitrite modified proteins [36, 37] . Slides were allowed to air dry for 10 min at room temperature and then placed on a slide warmer for 20-45 min. Sections were fixed for 10 min in ice-cold acetone: ethanol (3:1), and then washed once with 0.2% Triton X-100 in PBS for 10 min and twice with H 2 O for 5 min. Antigen retrieval was performed by incubation in hot 10 mM citric acid, pH 6.0 for 10 min. Then sections were incubated in 3% H 2 O 2 for 10 min to block endogenous peroxidases. Following a 5 min PBS rinse, sections were blocked with a mixture of 5% normal goat serum (Vector Labs), 1% BSA (Sigma) in PBS for 2 h. Sections were then incubated for 48 h at 4 • C in a humidifying chamber with anti-3-nitrotyrosine antibody (Millipore, #06-284), 1:200 in 1% BSA in PBS. Negative control was 1% BSA in PBS only. This antibody could also be blocked by pre-incubation with antigen (not shown). After 2 × 5 min rinses with PBS, the sections were incubated for 4 h with biotinylated goat anti-rabbit IgG (1:200; Vector Labs, PK-4001). After 2 × 5 min rinses with PBS, the sections were incubated for 30 min with ABC reagent prepared as described by the manufacturer (Vector Labs, PK-4001). After a 5-min rinse with PBS, sections were incubated with DAB substrate for 2-10 min, as described by the manufacturer (Vector Labs, SK-4100). Sections were then counterstained with Ehrlich's hematoxylin and mounted.
Statistical analysis
Differences among means were evaluated by ANOVA, followed by Tukey-Kramer post hoc test if indicated. All statistical analyses were performed using SPSS (Chicago, IL) and GraphPad Prism (San Diego, CA) software. The visible and hidden platform water maze learning curves and freezing prior to and during the tone in the cued fear memory test were analyzed using repeated-measures ANOVA with radiation and drug treatment as between group factors. The probe trial data of each experimental group were analyzed using a one-way ANOVA and if significant, using multiple comparisons to compare time spent in the target quadrant with than with any of the three non-Target quadrant. Percent freezing in the contextual fear memory test and the difference in freezing during the tone with that prior to the tone in the cued fear memory test was analyzed by ANOVA using radiation and treatment as between group factors. All figures were generated using GraphPad Prism software. Data are expressed as mean ± SEM. The null hypothesis was rejected at the 0.05 level for all analyses.
Results
All groups improved their performance during the visible (effect of session: F (3, 40) = 67.394, p < 0.001) and hidden (effect of session: F (5, 40) = 14.654, p < 0.001) platform sessions and there were no effects of irradiation, treatment, or irradiation x treatment interactions (Fig. 1) . Similar results were seen when distance moved was used as performance measure (effect of session; visible platform: (F (3, 40) = 11.425, p < 0.001); hidden platform: (F (5, 40) = 4.667, p = 0.002). However, detrimental effects of irradiation and mitigating effects of EUK-207 were seen in cognitive performance in the probe trial (no platform) following last day of hidden platform training. Sham-irradiated mice and mice irradiated with 10 Gy showed good cognitive performance and spent more time in the target quadrant than in any other quadrant ( Fig. 2; sham-irradiated mice treated with vehicle: F (3, 28) = 23.59, p < 0.0001; shamirradiated mice treated with EUK-207: F (3, 28) = 18.05, p < 0.0001; mice irradiated with a dose of 10 Gy and treated with vehicle: F (3, 28) = 25.22, p < 0.0001; mice irradiated with a dose of 10 Gy and treated with EUK-207: F (3, 28) = 17.79, p < 0.0001). However, vehicle-treated mice irradiated with 15 Gy failed to search significantly more time in the quadrant where the platform was hidden before than any other quadrant (Fig. 2) . In contrast, EUK-207-treated mice irradiated with 15 Gy showed good cognitive performance and spent more time searching in the target quadrant than in any other quadrant (F (3, 28) = 17.62, p < 0.0001, Fig. 2 ). No effects of irradiation, treatment or radiation x treatment interaction were seen for baseline freezing prior to the first tone on the training day or for hippocampus-dependent contextual fear memory (Fig. 3A) . All groups showed profound contextual fear memory. For hippocampus-independent cued fear memory, freezing levels during the tone were significantly higher than those prior to the tone (F (1, 42) = 431.2, p < 0.001, Fig. 3B ). When pre-and posttone freezing levels during the cued memory tests were analyzed using a repeated-measures design, there was a radiation x tone interaction (F (2, 42) = 3.513, p = 0.039) and a trend towards a treatment x tone (F (1, 42) = 2.977, p = 0.060) interaction. Based on the Freezing levels prior to the tone (P) and during the tone (T) that was associated with the shock during the training are shown. There was a trend towards an effect of EUK-207 but that did not reach significance. All groups showed significantly higher freezing levels during the tone than prior to the tone. **p < 0.0001 versus pre-tone; *p = 0.002 versus pre-tone. C. Analysis of the difference between freezing levels at baseline and following the tone in the cued fear memory test. There was a larger increase in freezing during the tone as compared to prior to the tone in mice irradiated with 10 Gy than in sham-irradiated mice. There was a trend towards an effect of EUK-207 with a larger increase in freezing in mice irradiated with 10 or 15 Gy but that did not reach significance.
# p = 0.014. N = 8 mice/radiation dose/treatment. radiation x tone interaction, we also analyzed the post-tone freezing alone and the difference in freezing pre-and post-tone. There was a trend towards an effect of irradiation for freezing during the tone with increased freezing levels in EUK-207 treated mice (F (2, 47) = 2.977, p = 0.062, Fig. 3B ). When the difference between freezing levels prior and following the tone in the cued fear memory test was analyzed, there was an effect of irradiation (F (2, 47) = 3.513, p = 0.039, Fig. 3C ) with a larger increase in freezing during the tone as compared to prior to the tone in mice irradiated with 10 Gy than in sham-irradiated mice (p = 0.014). In addition, there was a trend towards an effect of EUK-207 with a larger increase in freezing in mice irradiated with 10 or 15 Gy (F (1, 47) = 3.731, p = 0.060, Fig. 3C ). Finally, we assessed whether EUK-207 affected increases in 3-NT staining, a marker of oxidative damage indicating peroxynitrite-mediated protein modification in the tissue [36] . Consistent with the water maze probe trial data, 3-NT staining was higher in the brains of mice irradiated with 15 Gy (Fig. 4B ) than in sham-irradiated mice (Fig. 4A) . This increase was not seen in EUK-207 treated mice irradiated with 15 Gy (Fig. 4D) , as compared with sham-irradiated mice treated with EUK-207 (Fig. 4C) .
Discussion
This study showed that EUK-207, given starting 24 h following radiation exposure, mitigated 15 Gy-induced cognitive impairments in the water maze probe trial. In addition, EUK-207 did not affect cognitive performance of sham-irradiated mice in the water maze or of mice irradiated with 10 Gy. Irradiation and EUK-207 did not affect contextual fear memory. Both contextual fear memory and cognitive performance in the water maze probe trial are hippocampus-dependent. However, only cognitive performance in the water maze probe trial was affected three months following low linear energy transfer (LET) irradiation. A dissociation between cognitive performance in the water maze and contextual learning in fear conditioning was previously reported [38, 39] . Consistent with the current study, whole-body high-LET irradiation affected water maze performance, but not contextual fear conditioning within one month following radiation exposure in human apoE mice [40] or 13 months following high LET irradiation [41] . These data emphasized the importance of including different hippocampusdependent cognitive tests in assessing effects of irradiation on the brain.
In the water maze probe trial, there was no detrimental effect observed of irradiation at a dose of 10 Gy. Consistent with these data, we did not see significant impairments of mice irradiated with 10 Gy of gamma-rays on performance in the water maze three months following exposure using a similar design as used in this study [2] . It is conceivable that a more challenging water maze training paradigm might reveal hippocampus-dependent cognitive injury at this dose of irradiation.
The age of an irradiated animal would appear to be critically important to the response. In mice irradiated at 3 weeks of age, 5 Gy caused cognitive injury [42] . In mice irradiated at 2 months of age, 10 Gy caused impairments in the Barnes maze, but injury was not detected using the Morris water maze (4). In the current study, mice at 2 months of age, older than the mice in the other studies, were used.
ROS is required for normal synaptic plasticity and learning and memory [16, 18, 43, 44] . Therefore, it was important to assess whether EUK-207 had any effects on the cognitive performance of sham-irradiated mice. No detrimental effects of EUK-207 on cognitive performance of sham-irradiated mice were seen. The mitigating effect of EUK-207 against 15 Gy-induced cognitive impairments might be mediated by reduced levels of ROS in EUK-207 treated mice. Although we could not quantify 3-NT levels in the different experimental groups due to loss of samples during shipment, the representative immunohistochemical images indicated that EUK-207 prevented an increase in 3-NT staining in the brains of mice irradiated with 15 Gy while having no or minimal effects on 3-NT staining in sham-irradiated mice. This is consistent with previous reports that treatment with EUK-207 or other salen Mn complexes suppressed biochemical and immunohistochemical indicators of tissue oxidative stress in various disease models [27, 32] . Interestingly, in mice lacking the extracellular form of superoxide dismutase, 3-NT staining was higher at baseline but showed a less profound increase following irradiation than that seen in wild-type mice and this, too, was associated with cognitive protection [5] . Importantly, MCAT mice, expressing catalase as a transgene in the mitochondria, were substantially protected, as compared with wild-type mice, from radiation-induced cognitive dysfunction [45] . This supports the hypothesis that the mitigation of radiation-induced cognitive impairments by EUK-207 is attributable to the catalase and mitochondria-protective activities of EUK-207 and other salen manganese complexes [35, 46] . Unfortunately, because CNS tissues from the cognitively-tested mice were lost in transit, it was not feasible to assess markers of reactive oxygen species, oxidative damage, or synaptic function, in specific brain regions and to therefore further address the mechanism of action of EUK-207 in its cognitive protection.
Low LET irradiation at a dose of 10, but not 15, Gy enhanced cued fear memory as compared to sham-irradiated mice. These data indicate that the effects of irradiation are not limited to effects on hippocampal function. Interestingly, high LET irradiation (250 MeV/amu O ions (25 keV/m)) also enhanced cued fear memory one month after exposure at dose of 0.4 and 0.8 Gy, but not at 1.6 Gy [47] . Post-training low LET irradiation also enhanced cued fear memory two weeks after exposure [48] . Effects of low LET irradiation on arousal might contribute to these effects, as increased arousal following exposure to novel environments enhances cued fear memory in rodents [49] and verbal memory in humans [50, 51] . The combination of novelty/arousal and radiation might also pertinent to nuclear accidents and dirty bomb scenarios.
As this was a proof-of-principle study to demonstrate efficacy of EUK-207 in a relevant mouse model, we used a delivery system that would provide good drug exposure. This delivery system had been used to demonstrate efficacy of EUK-207 and related compounds in numerous other in vivo injury and degeneration models, including chronic models with even longer treatment periods [28, [32] [33] [34] . It would be premature to conclude that no beneficial effects will be seen if the treatment were given for less than three months or if another administration route were used. There are subcutaneously injected sustained slow-release formulations used clinically, including polymeric slow release microspheres, which might be explored for further development of EUK-207 [52] . If long time periods are needed to mitigate CNS radiation-induced cognitive injury, such formulations might be most convenient for treating larger exposed populations after a radiological accident or terrorism event because a single subcutaneous injection would enable drug release for a prolonged period. However, based on other animal model data with EUK-207, we recognize that periodic (daily or less frequent) subcutaneous injections are also potentially useful modes of delivery to consider [31] . Formulation and dosing optimization studies will, of course, be crucial elements of the development plan for an agent such as EUK-207 to mitigate CNS radiation injury.
We recognize that brain regions affected other than the hippocampus might have contributed to the cognitive impairments in the water maze probe trial and have been benefitted from the EUK-207 intervention. Future studies with additional cognitive testing, including water maze test designs involving longer delays between training to locate the hidden platform and the probe trial, and analyses of brain regions other than the hippocampus for alterations in molecular measures pertinent to cognitive performance are warranted to explore the anatomical specificity of the radiationinduced cognitive injury and the treatment effects of EUK-207.
In summary, EUK-207 seems an ideal candidate for mitigation of radiation-induced cognitive injury with little if any impact on cognitive performance under sham-irradiated conditions. Future studies should include further investigation of the molecular mechanisms underlying these neuroprotective effects. These should include detailed assessments of its impact on not only oxidative damage, but also synaptic function, in pertinent brain regions.
